Pestiviruses are enveloped viruses that bud intracellularly. They have three envelope glycoproteins, E rns , E1, and E2. E2 is the receptor binding protein and the main target for neutralizing antibodies. Both E rns and E2 are retained intracellularly.
INTRODUCTION
The genus Pestivirus belongs to the family Flaviviridae [1] , and comprises animal viruses, some of which cause economically important diseases of livestock [2, 3] . Among them are bovine viral diarrhea virus (BVDV) 1 and 2 and classical swine fever virus (CSFV) [1] . Older reports of CSFV infection document haemorrhagic fever with high mortality rates [4] leading to a stringent stamping out policy. Strains isolated during current outbreaks often show milder clinical signs or even a subclinical outcome and development of chronic infections [5] . BVDV infections vary in symptoms and often occur asymptomatically, although some strains can induce severe disease. Transplacental transmission of non-cytopathogenic (ncp) BVDV can lead to the birth of persistently infected calves [3] . These may develop lethal mucosal disease if infected with a closely related cytopathogenic (cp) BVDV, or when a cp variant of the persisting ncp virus develops in the calf [6] [7] [8] [9] .
Closely related to the genus Pestivirus is the genus Hepacivirus with its type member hepatitis C virus (HCV) [2] . Owing to the similarity in genome structure and the difficulties in establishment of a cell culture system for HCV, BVDV has been used as a model system for HCV because of the fact that the functional properties of the different proteins are to some extent equivalent [10] .
Pestiviruses are enveloped viruses with a positive strand RNA genome of about 12.3 kb, which encodes a single polyprotein. The polyprotein is cleaved co-and post-translationally into 12 mature proteins [11] [12] [13] [14] [15] [16] . These are in the following order; NH 2 -N pro -C-E rns -E1-E2-p7-NS2-NS3-NS4a-NS4b-NS5a-NS5b-COOH [17] [18] [19] . Structural components of the virion are the capsid protein (C) and the three envelope glycoproteins E rns , E1 and E2 [20] . Cleavage at the borders of E rns /E1, E1/E2 and E2/p7 are effected by signal peptidase (SPase) [12] [13] [14] [15] . Of the three envelope glycoproteins, E2 is the receptor binding protein [21, 22] . It has a molecular weight of about 53-55 kDa and forms heterodimers with E1 as well as homodimers [17] . It is the main target for neutralizing antibodies [17, 23] . The envelope proteins of pestiviruses are all bound to lipid membranes via defined membrane anchor sequences. E rns is anchored in plane via an amphipathic helix [24] [25] [26] . In contrast, E1 and E2 are both thought to have single span transmembrane anchors, which, however, also have to serve as signal peptides for translocation of the following protein in the polyprotein. Both of these features have not yet been experimentally demonstrated for these two proteins, but would be equivalent to E1 and E2 the two glycoproteins of HCV. The latter adopt a dual span conformation with an internal loop before cleavage into the single proteins [27] . Upon processing by SPase the membrane binding sequence swaps to a single span transmembrane topology [27] . It is possible that the same applies for pestivirus glycoproteins, which we analysed here for BVDV E2.
Pestiviruses have long been thought to bud intracellularly, because the viral glycoproteins are not accessible on the surface of infected cells [28, 29] . This has been confirmed with ultrastructural analyses of the pestivirus Giraffe-1, which have shown intracellular budding in the ER [30] . Intracellular budding suggests that the envelope glycoproteins should also be retained at defined intracellular sites and different groups have already shown intracellular retention of pestivirus envelope proteins E rns and E2 [29, 31, 32] . For BVDV E2 the hypothetical transmembrane domain (TMD) with the single internal arginine (R355) have been implicated in retention [32] . For both HCV E1 and E2 retention in the ER has been shown [33, 34] .
The fact that HCV has only two envelope proteins and pestiviruses need three envelope proteins for successful infection shows that functional data derived from one of these viruses not necessarily hold true for a related virus. The elucidation of the structure of the HCV E2 core [35] and the BVDV E2 [36, 37] illuminated this fact as both proteins show different folds. In contrast, the different species of pestiviruses show much higher sequence homology and protein functionality between different species is rather conserved, so that E2 can be exchanged between BVDV and CSFV and the resulting chimeras are fully infectious viruses [38, 39] . With this in mind, we wanted to elucidate the subcellular localization, membrane topology and retention of the mature BVDV E2 protein as a model for all pestiviruses.
RESULTS

E2 is retained in the ER
E2 is retained intracellularly, retention in the ER has so far been inferred by the endoglycosidase H sensitivity of the glycosylation [32] . To study subcellular localization of E2 in more detail, it was expressed alone and together with E1. For that, recombinant E2 was transiently expressed alone or as an E1-E2 precursor, to be processed to mature E1 and E2 by cellular SPase [13] . Subcellular localization was analysed through colocalization with marker proteins. E2 showed a predominant ER localization, as demonstrated by colocalization with the ER protein calnexin and SBFP-KDEL (Fig. 1a) , but no colocalization with the Golgi marker protein giantin or the ER-Golgi intermediate compartment (ERGIC) marker ERGIC-53. This finding was also true in the context of BVDV infection as cells infected with various BVDV strains showed similar results (Fig. 1b) . Overall E2 is clearly retained in the ER, in the absence of other viral proteins, which proves that it contains a specific localization signal.
E2 expressed alone has a single span TMD The C-terminal membrane anchor of E2 has been shown to be important for retention. So far it is unclear what membrane topology E2 has in the absence of other viral proteins. The E2 membrane anchor acts as a signal peptide for the p7 protein in the polyprotein, before SPase generates the E2 Cterminus through cleavage. Therefore, in uncleaved E2-p7 the E2 membrane anchor has to have a double span topology, coming from the luminal side at the E2 C-terminus and ending at the p7 N-terminus at the luminal side as well (Fig. 2a) . TMD and topology predication algorithms (we used TMHMM [40] , TOPCONS [41] and CCTOP [42] , with the two latter being based on comparison of different prediction algorithms) predict a single C-terminal transmembrane helix with a core of about 24 amino acid length for E2 (Figs 2b, and S1 available in the online Supplementary Material for results of different predictions for the TMD). To ascertain the membrane topology of E2 once it is cleaved off the polyprotein, we analysed the membrane topology of the E2 protein expressed alone. To be able to detect both N-and C-terminus of E2 an AU1 tag was fused to the E2 C-terminus. We chose the AU1 tag for its small size (DTYRYI), expecting that would have the least influence on TMD topology behaviour. Similar analyses have already been done with HA (YPYDVPDYA) [27] and V5 tags (GKPIPNPLLGLDST) [24] . To assess the membrane topology a selective permeabilization protocol was used in which either only the plasma membrane was permeabilized with digitonin or all membranes were permeablized using Triton X-100. To control the permeabilization we stained the cytosolic protein NS3 in infected cells and the ectodomain of viral protein E2, which must be in the lumen as it is on the surface of the viral envelope and thus cannot be on the cytoplasmatic side. Both proteins must be present in the same cell as they are expressed in a single polyprotein precursor. While NS3 was detectable with any permeabilization, E2 could only be detected after Triton X-100 permeabilization (Fig. 2d) . With the same permeabilization protocol we analysed the topology of E2-AU1 after expression in RK13 cells. Using antibodies directed against either the E2 ectodomain (due to isotype specific staining a different E2-specific antibody was used in this experiment compared to the staining of infected cells) or the C-terminal tag, we assessed whether these were accessible from the cytosolic side of membranes (Fig. 2c) . As expected, the ectodomain was only accessible if all membranes were permeabilized. In contrast, the C-terminal tag was already accessible after permeabilization of the plasma membrane. This shows that E2 without p7 adopts a single span transmembrane topology.
The TMD is responsible for retention of E2 Previous work indicated that the TMD of E2 is important for intracellular retention [32] . To confirm and extend these results the different domains of E2 were fused to CD72. CD72, a type II transmembrane protein, is transported to the cell surface when expressed alone. The advantage of the CD72 fusion system is the fact that the N-terminal membrane anchor of CD72 will hook the fusion protein to the membrane, so that major alterations can be introduced in the E2 membrane anchor without driving the protein into secretion because of absence of membrane binding. This system has already been used in analyses of retention signals [31] . Fusion proteins of CD72-E2 are expected to have the native topology (Fig. 3a) . Immunofluorescence analysis with non-permeabilized cells vs. permeabilized cells showed WT CD72 as well as CD72 fused to the E2 ectodomain on the cell surface (Fig. 3b) . The fusion protein of the complete E2 sequence with CD72 was not detected on the surface showing that E2 is indeed able to retain CD72 in the cell and this effect is only detectable in the presence of the TMD and cytoplasmic tail.
These results could be confirmed in cell surface biotinylation experiments. Only CD72 alone or fused to the E2 ectodomain was biotinylated after cell surface biotinylation (Fig. 3d) although the fusion protein of CD72 with the complete E2 was also clearly expressed (Fig. 3c) . Unfortunately, expression plasmids coding for a fusion protein of CD72 and the E2 TMD only did not lead to detectable expression of any CD72 containing product, thus excluding analysis of any secondary effect of the E2 ectodomain. No reason for lack of expression could be found in the sequence of the plasmid, suggesting the encoded protein was unstable in expressing cells. To further characterize the requirements for the retention of E2, we chose a flow-cytometry-based approach to compare the CD72-or E2-specific staining of non-permeabilized cells to the staining of permeabilized cells. We choose this approach as staining of non-permeabilized cells is due to cell surface proteins, whereas the staining of permeabilized cells will also detect intracellular proteins. WT CD72 expressing cells had approximately 60 % . Predicted TMD for CP7 is indicated through hashes, HCV TMD predicted as in [67] and flavivirus TMDs are also indicated through hashes. (c) Immunofluorescence staining of RK13 cells expressing E2-AU1. RK13 cells were transfected with expression constructs for E2 tagged with a C-terminal AU1 tag. Cells were permeabilized either with digitonin or Triton X-100 to permeabilize only the plasma membrane or all membranes, respectively. Cells were stained with mAb D5 against E2 (E2, red in merge) and mAb against the AU1 tag (Au1, green in merge). Nuclei were stained with DAPI. (d) Immunofluorescence of MDBK cells infected with BVDV CP7. Infected cells were permeabilized either with digitonin or Triton X-100 as in (c) and stained with mAb 1b8 for E2 (green in merge) and mAb Code 4 (red in merge) against cytoplasmatic viral protein NS3. Nuclei were stained with DAPI. All scale bars correspond to 10 µm. All images were acquired using the Leica SP5 over several focal planes using z-stack maximum intensity projection (z-stack length: E2 Triton X-100, 2.27 µm; E2 digitonin, 1.76 µm; infected/Triton X-100, 0.88 µm; infected/digitonin, 2.64 µm).
positive cell signal in non-permeabilized cells compared to permeablized cells and the amount for the CD72-E2 fusion protein with the E2 ectodomain was comparable (Fig. 3e) . In contrast, the CD72-E2 fusion protein with the complete E2 sequence is nearly undetectable on the cell surface.
To map potential retention signals and analyse the effect the length of the TMD has on retention, two mutants with truncated C-termini were generated, lacking the first part of the TMD (16 amino acids, from V346 to L360; D346-360) or the last 14 amino acids of the protein (containing 7 amino acids of the putative TMD and seven amino acids of the putative cytoplasmic tail; D361-374) (indicated in boxes in Fig. 3a ). In the D346-360 mutant, 9 amino acids of the predicted TMD remain, which should be too short for a transmembrane anchor. In the D361-374 mutant, 17 amino acids of the predicted TMD remain, including R355. This sequence should be long enough for a membrane anchor.
As before, membrane anchor prediction algorithms were used to predict the ability of the mutated sequences to still form transmembrane anchors. Nearly all of the algorithms predicted E2
D361-374 to be a transmembrane protein, whereas only one predicted E2 D346-360 to still contain a TMD ( Fig. S1 shows TOPCONS results). Both of these partial deletion variants reduce CD72-E2 retention in that they have a higher surface presence compared to the CD72-E2 total fusion protein. Interestingly, still significantly less protein than for CD72 alone was found on the cell surface, especially in the case of the deletion of most of the TMD (D346-360). These experiments hint at the importance of both deleted parts for retention.
Arginine 355 and glutamine 370 are important for E2 retention To see if retention can be mapped to a distinct motif, different amino acids substitutions were directly analysed in the Cells expressing CD72 or CD72-E2 fusion proteins were either permeabilized or not, stained using mAb 3F3 directed against CD72 and analysed by flow cytometry. The number of positive cells for non-permeabilized samples is given as percentage of the number of positive permeabilized cells. Error bars indicate the standard error of the mean of at least four independent experiments. Data were analysed using one-way ANOVA and Dunnett's post hoc test. CD72 is in dark grey, CD72-E2 fusion proteins in light grey. Asterisks indicate values different from CD72 WT. * p<0.05, ** p<0.01, *** p<0.001. (c) Western blot and immunoprecipitation of the CD72-E2 fusion proteins. The fusion proteins were expressed in CHO cells. Cell surface proteins were biotinylated. Cell lysates were precipitated using mAb 3F3 against CD72. Precipitates were analysed by Western blotting using H96 directed against CD72. The asterisk marks the heavy chain band of the precipitating antibody. (d) The same precipitates as in (c) were analysed by Western blotting using avidin-HRPO to detect biotinylated samples. (e) Immunofluorescence of CD72-E2 fusion proteins. BHK-21 cells expressing CD72 or fusion proteins were either permeabilized or left non-permeabilized. CD72 and fusion proteins were detected by CD72 specific mAb 3F3. Nuclei were stained with DAPI. Scale bars correspond to 10 µm. All images were acquired using Axiovert 200M/ApoTome in a single focal plane.
context of the E2 protein alone. Since amino acid point mutations are less likely to destroy the anchor function of the TMD, an additional membrane anchor as provided by CD72 was not necessary here. We chose different amino acids in the transmembrane anchor and cytosolic tail (CT) to mutate (Fig. 4a) , as those were the domains that had an impact on CD72-E2 fusion protein retention. We chose arginine 355 (R355), isoleucine 366 (I366), glutamic acid 369 (E369) and glutamine 370 (Q370). The amino acids were chosen for the following reasons: R355 is known to affect retention and we thought more detailed characterization advisable. R355 is highly conserved among all pestivirus species, but isolates carrying a lysine in position 355 can also be found (e.g. BVDV NY'93). I366, E369 and Q370 because mutations of these amino acids changed TMD predictions (especially length, see TMD prediction in Fig. S1 ), which might have an impact on retention. Moreover, E369 and Q370 as polar and bulky amino acids in the CT might influence interaction with cellular proteins that could play a role in E2 retention. E369 and Q370 are mostly conserved among pestivirus species. As substitution amino acids we chose on the one hand amino acids that were either similar in size and chemical characteristics and on the other hand amino acids with divergent characteristics. Substitution of arginine 355 by alanine (R355A) was included as a positive control, as this mutation has an profound impact on retention [32] . All mutants were analysed for their cell surface presence using flow cytometry (Fig. 4b) . These experiments further demonstrated the importance of R355 on retention (Fig. 4b) . Not only the substitution of arginine by alanine, but also deletion of this amino acid significantly increased the cell surface presence of E2. Even replacement by another basic amino acid, in this case lysine, could not restore retention functionality. E2 R355K was significantly better retained than R355A, but also significantly less retained compared to WT E2. Interestingly, E2 R355K showed a cell surface presence similar to E2 in which arginine was replaced by glutamic acid (R355E), showing that it is not the basic character of this amino acid that plays a role in retention. To investigate the importance of the exact position of the arginine in the TMD, additional arginine codons were inserted into the E2 R355A expression plasmid. Analysis of the mutated proteins showed that retention in the context of E2 R355A could be restored through insertion of an arginine on either side of the mutated amino acid (E2 R355A Ins354R or E2 R355A Ins356R). These mutants showed an even better retention than WT, although the differences were not statistically significant. Similarly, it was possible to switch the position of that arginine with the glycine directly upstream (E2 G354R R355G) also leading to a slightly better retention. Switching with the tyrosine directly downstream led to slightly higher cell surface expression (E2 R355Y Y356R) than WT E2, which was not statistically significant.
Mutation of glutamine 370 to glutamic acid (Q370E) led to significant differences in the retention of E2 (Fig. 4b) , although the effect was less pronounced than for exchanges affecting R355. This shows that the CT has a modulating effect on the retention. In contrast to R355, Q370 could be functionally replaced by a similar amino acid [asparagine (Q370N)]. Furthermore, mutation to alanine or deletion of Q370 led to differences, but those were not statistically significant (Q370A or DQ370).
Mutation of the glutamic acid in the cytosolic domain (E369, Fig. 4b ) or the isoleucine (I366, Fig. 4b ) near the end of the TMD had no significant impact on E2 retention.
The flow cytometry experiments were confirmed by cell surface biotinylation of the proteins for which flow cytometry indicated an increased surface localization (Fig. 4c) and through immunofluorescence staining of cell surface vs. total cell (Fig. 4d) . Both methods confirmed the obtained results. Both methods also confirmed the fact already seen in the flow cytometry experiments that in a small percentage of cells traces of WT E2 can also be found on the surface.
Effect of reduced retention on viral fitness
Significantly increased surface localization of a structural protein might have significant impact on viral fitness. Those mutations that showed differences with regard to subcellular localization were introduced into the full length cDNA clone for BVDV CP7 [43] . Genomic replication in cells with RNA derived from these clones was monitored through staining with the a-NS3 antibody Code4. No virus could be rescued carrying the mutation R355A (Fig. 5a ) and no positive cells were observed 48 h after electroporation, indicating an absence of replication. This was reproduced in several independent experiments, despite the fact that the plasmid carrying the genomic cDNA was sequenced and the full length RNA was visible on a gel after in vitro transcription (not shown). Initially, a few cells were positive after electroporation with genomic RNA coding for E2 without R355 (DR355), but positive cells were gradually lost upon passaging of the electroporated cells. Infectious virus could be rescued with the mutation R355K and Q370E. These mutations were stable over three passages, but grew to relatively low titres, showing a decrease in viral fitness for both mutants (Fig. 5b) . Cells infected with theses viruses were also analysed for the presence of E2 on the cell surface to see if the E2 mutants kept their retention phenotype in the context of a viral infection. Immunofluorescence was used to test for E2 on the cell surface. Infected cells were either permeabilized or not and stained with an E2-specific antibody mix (Fig. 5c) . The immunofluorescence staining revealed that neither of the two mutants led to any detectable E2 expression on the plasma membrane of infected cells. On viral particles E2 forms heterodimers with E1 as well as homodimers [17] . Retention of E2 might, therefore, be influenced through the presence of E1 in viral infection, which in turn could allow rescue of infectious virus and explain why no E2 was found on infected cells. To analyse what effect E1 has on the retention of E2, selected mutants were co-transfected with an E1 expression plasmid and the cell surface presence of E2 analysed through flow cytometry (Fig. 5d) . The mutants originally chosen for the virus rescue were used in the co-expression experiment (R355A, R355K, DR355 and Q370E). In contrast to the expression of E2 alone, the loss of retention in R355K and Q370E could be compensated for through the co-expression of E1. Neither R355K nor Q370E showed a statistically significant difference to WT E2, although R355K still showed a slightly higher surface presence. R355A and DR355 were still present on the cell surface in amounts similar to the results obtained in the absence of E1, showing that co-expression of E1 had no significant impact on their retention phenotype.
DISCUSSION
Different factors can contribute to the intracellular retention of proteins. Luminal ER proteins may contain a KDEL motif [44] and type I transmembrane proteins are often retained in the ER through a dilysine motif at the cytosolic C-terminus [45] . In addition to those classical retrieval motifs, intracellular localization can also be determined by the length of the transmembrane anchor, with the difference especially pronounced between Golgi and plasma membrane proteins [46] [47] [48] . Localization of proteins can be predicted to a certain point based on their TMD length and composition (based on a widespread analysis of protein location and TMD length/composition) with an online tool [48] . The reason for this possibility is thought to be due to differences in thickness of cellular membranes with an especially pronounced deviation between Golgi and plasma membranes. Using this prediction algorithm to analyse E2 indicates a localization of E2 at the plasma membrane as highly probable.
Pestiviruses bud intracellularly into the ER and we have shown that E2 expressed alone as well as in the context of viral infection is retained in this compartment; something that has also been shown for the pestiviral glycoprotein E rns [31] . The intracellular localization of E2 is intrinsic and not dependent on any other viral protein, as there was no significant difference in intracellular localization for E2 expressed alone, in an E1-E2 fusion protein, or derived from the complete viral polyprotein in infected cells. Generally, TMDs of ER proteins are shorter (~16 amino acids) than the TMD of E2 (24 amino acids), probably the reason why it is predicted by algorithms to be located on the cell surface. Owing to this long TMD, E2 could exhibit a dual span topology, which would explain at once the intracellular localization more fitting for shorter TMDs and the ability of the E2 TMD to act as a signal peptide for p7. Nevertheless, most bioinformatics analyses predict a single span transmembrane anchor for E2 [40, 42] and its membrane topology has never been analysed experimentally. Here we show that E2 indeed has a single span transmembrane topology when expressed alone. The very small AU1 tag, which is only six amino acids long was chosen to avoid undue influence of the structure; nevertheless, we cannot completely exclude the possibility that the tag might have an effect on membrane topology. The topology of immature E2 remains only inferred from the functionality of its C-terminal region as a signal peptide for p7 and will have to be experimentally confirmed in the future. Members of the Flaviviridae family all have the special requirement that the C-terminus of their surface proteins needs to contain a membrane anchor and a signal peptide for the following MDBK-B2 cells infected with WT or mutant virus were either permeabilized or left non-permeabilized. E2 was detected by BVDV-Mix. Nuclei were stained with DAPI. Scale bars correspond to 20 µm. Images were acquired using Leica SP5 in z-stacks. Images show maximum intensity projections (z-stack length: CP7 non-permeabilized 3.65 µm, Triton X-100 2.27 µm; R355K non-permeabilized 1.64 µm, Triton X-100 2.14 µm; Q370E non-permeabilized 4.03 µm, Triton X-100 2.27 µm). (d) Retention of E2 in the presence of E1 analysed by flow cytometry. RK13 and BHK-21 cells expressing E2 or E2 mutants and E1 were analysed as described for Fig. 3 with the exception that E2 specific mAbs D5 and 1b8 were used for detection. Shown are the combined results for both cell types, as there were no differences observed between the different cell types. E1+WT-E2 is shown in dark grey, E1+E2 carrying mutations in light grey. Asterisks indicate values different from E1 +E2 WT. * p<0.05, ** p<0.01, *** p<0.001.
protein in the polyprotein at the same time, but the solution for this problem differs between flaviviruses and hepaciviruses and pestiviruses. Although the E protein of flaviviruses contains a bipartite anchor sequence that remains in dual span transmembrane conformation in the viral particle [49, 50] , we show that pestiviral E2 has a single span membrane topology similar to HCV E2.
The experimental evidence of the single span membrane topology argues against ER retention due to membrane anchor length alone and although there is irrefutable evidence that the main retention determinant of E2 is located in its transmembrane anchor, there is also evidence that this functionality depends on R355 [32] . To test for further contribution of the different domains to the localization we used a fusion-protein approach. The experiments with the CD72-fusion proteins showed full length E2 is able to retain CD72 in the cell as expected, whereas the E2 ectodomain has no influence on the CD72 location and thus has no role in retention. To see if deletion of the CT or shortening of the TMD had an influence on retention, two partial deletion mutants were used. Interestingly, even if part of the TMD or part of TMD plus CT were deleted, the remaining sequence could still confer partial retention compared to WT CD72 or CD72 fused only to the ectodomain of E2. In one of those two fusion proteins (D346-360) only nine amino acids remained of the predicted TMD, the arginine R355 is no longer present in this stretch and most TMD prediction algorithms no longer predict a TMD. In the other fusion protein (D361-374) 17 amino acids of the putative TMD remained, including R355, but the CT is no longer present. This protein still contains a TMD according to most prediction algorithms. Both partially deleted versions of E2 could still retain some CD72 within the cell, but not as much as WT E2. As CD72 fused to the E2-Ectodomain is present on the cell surface, we thought that CD72-E2 D361-374 and CD72-E2 D346-360 on the cell surface are mostly the result of lack of or improper membrane association. Since both mutants showed some retention we thought this was due to membrane interaction and the ability of the remaining E2-TMD-CT to retain the protein. Retention through interaction with chaperones due to the remaining TMD-CT sequences can not be completely excluded. These results show that TMD length and the presence of the CT have an effect on retention.
Next to TMD length, polar amino acids in the TMD can also play a role in ER retention of proteins. Insertion of an arginine into the middle of the TMD of the cell surface protein Tac led to ER retention and degradation through the endoplasmic reticulum-associated protein degradation (ERAD) pathway [51] . The effect is dependent on the position of the arginine in the TMD. Other polar amino acids, such as lysine, aspartic acid, glutamic acid and histidine, could also induce ER retention (to different degrees) mostly without inducing the rapid degradation [51] . In the Flaviviridae family several viruses depend on the TMD in their envelope proteins for retention, as for example dengue virus (DENV), yellow fever virus (YFV) and tick-borne encephalitis virus (TBEV), as well as hepatitis C virus. They differ in their retention strategies. For DENV, length of the first TMD helix (T1) in combination with nonhydrophobic amino acids are responsible for retention [52] . For YFV, it seems that retention is also due to length of the first TMD helix (T1), but importantly that the envelope protein, E, is additionally retained through the interaction with the pre-membrane protein, prM. prM shows a more dominant ER retention, for which the first TMD is responsible [53] . Next to their role in retention, flavivirus TMDs also play a role in particle stability, assembly and maturation. This has been nicely illustrated with work done with chimeras of TBEV E protein and JEV TMDs [54] . HCV, which is more closely related to pestiviruses than flaviviruses, depends on polar amino acids (DAR) in the E2 membrane domain for E2 retention [55] . The same amino acids are also important for the heterodimerization with E1. For retention and dimerization arginine can be functionally replaced by lysine and aspartatic acid can be functionally replace by glutamic acid [55] . It is worth noting that envelope proteins of HCV, namely E1, also play a role in viral assembly [56] . Similarly to the polar amino acids in HCV E2, the arginine in E2 of pestiviruses has not only been described as important for retention [32] , but also for interaction with E1 [57] . It has never been tested if it can be functionally replaced by another polar amino acid and if other factors also might play a role in retention. Therefore, we wanted to use a broader approach and tested several amino acids in the TMD. Furthermore, we also analysed amino acids in the CT, as slight cell surface staining of the protein without CT in a previously published paper [32] gave rise to the idea that the CT does influence retention. This idea was pushed further by the fact that deletion of part of the TMD and the CT led to significantly reduced retention of the CD72-E2 fusion proteins. Of the amino acids tested, two revealed a significant role in retention. The first, R355, has already been described, but the effect of mutations of Q370 on retention reveals that the CT indeed can modulate retention. In contrast to the HCV E2. R355 cannot be functionally replaced through lysine or another polar amino acid, although the loss of retention is less severe for E2 with those amino acids, compared to deletion or alanine substitution. It is still unknown why internal arginines (or other polar amino acids) in TMDs lead to ER retention. In addition to the loss of retention a few changes also gave rise to a better-than-WT retention. These are notably the mutants in which R355 is shifted one position more N-terminal or the TMD is elongated through insertion of an alanine on either side of R355. The effect might be due to a non-optimal positioning for retention of R355, and more N-terminal shift might be better suited for retention and the alanine insertion might induce a greater flexibility in TMD position in the membrane. Despite sometimes similar mechanisms and protein functions over all genera in the Flaviviridae, clear cut differences between flaviviruses on the one hand and pestiviruses and hepaciviruses on the other hand remain. Flaviviruses have class II fusion proteins that are proteolytically activated, they have high particle symmetry as evidenced by a multitude of Cryo-EM structures and their surface membrane proteins have clear bipartite membrane anchors. HCV and pestiviruses on the other hand have envelope proteins that do not fall in any classical fusion protein structure, form more amorph particles and obviously adopt single span membrane topology for their E2 proteins. Thus, it is not too astonishing that they adopt different retention strategies as well, even though they all depend on their TMDs.
As natural pestivirus isolates carrying a lysine instead of arginine exist, mutations at this position should be tolerable to some extent. Interestingly, we could rescue infectious virus with mutations R355K and Q370E. These results show that infectious virus can be generated despite a malfunction in E2 retention. The fact that we could only rescue two of four mutations shows a clear correlation with the retention phenotypes that can be compensated by E1. Infectious virus could only be rescued for the mutations for which retention in the presence of E1 was similar to the WT E2 retention. R355 is important for the interaction of E2 and E1 and it has, in fact, been shown that mutation R355A abolished heterodimer formation [57] . The same is most likely true for the deletion of R355, whereas our data suggest that replacement of arginine by lysine still leads to E1-E2 interaction. Thus, E1 can compensate the lack of E2 retention. These results explain why only lysine and arginine at position 355 can be found in virus isolates. In addition to the effect mutation of R355 has on interaction with E1 and thus retention, virus rescue could be further impaired due to the fact that the TMD of E2 has multiple functions. As mentioned before, the TMD of E2 needs to act as a signal sequence for p7 and probably adopts a double span conformation during translation before cleavage. Arginine has a very high turn propensity (ability to induce turns in transmembrane helices) [58, 59] . Stretches of 14 aliphatic amino acids on either side of a turn amino acid are enough to induce the turn, the stretches on either side of the arginine in the TMD of E2 are slightly shorter. Nevertheless, the arginine in the middle of the aliphatic sequence in the E2 C-terminus could be the turning point for the double span topology. Once p7 is cleaved off, the mature E2 would switch to a single span transmembrane anchor, by flipping the C-terminus from the ER lumen to the cytoplasm similar to E2 of HCV [27] . Next to arginine, lysine also has a high turn propensity, whereas alanine has a very low turn propensity [59] . This might explain why we were unable to rescue the R355A mutant, because failure of correct polyprotein topology would prevent replication. In this context it is interesting to note that mutant DR355, was able to initially replicate, but could not be passaged, indicating correct polyprotein topology and processing, but failure to produce infectious particles [57] . The effects of these mutations on topology and E1 interaction, as well as E1 retention should be explored in future work.
In summary, the intracellular localization and topology of the mature E2 protein were elucidated. We show that retention due to the TMD and the internal arginine can also be modulated through the CT, especially glutamine 370 and through the length of the membrane anchor. Finally, impaired E2 retention can in some cases be compensated for through E1 and then allow infectious virus production, which still shows significant growth disadvantages. 
METHODS
Cells, viruses and antibodies
Cloning
Plasmid pCI (Promega) was used for all expression constructs. DNA-fragments were amplified using PCR with specific Primers containing restriction sites for cloning into the pCI vector. pA/BVDV, the full-length infectious clone of BVDV CP7 [43] (provided by G. Meyers), was used as a template for E2-PCR reactions. pCR15 (E2) contains the cDNA coding for E2 inclusive the corresponding signal sequence. pCR158 (FlagE1-E2) contains the cDNA coding for E1-E2 with E rns signal sequence and N-terminal FLAGtag on E1. pCR13(E1) contains the cDNA coding for E1 with E rns signal sequence. pCR25 (CD72) contains the cDNA of CD72 amplified from pS155 [31] . For pB443 the SBFP2 sequence was amplified from pSBFP2-C1 (a kind gift from Dorus Gadella, University of Amsterdam, Netherlands, Addgene plasmid #22880) [64] and fused to a KDEL-sequence for ER retention. Chimeric sequences were generated through fusion PCR. Point mutations were introduced by PCR-based mutagenesis. Selected mutated sequences were transferred from E2 expression plasmids to pA/BVDV the infectious clone for BVDV CP7 using restriction enzymes. All Plasmids were verified by nucleotide sequencing. Further details of the cloning procedures including primer and plasmid sequences are available on request.
Transient protein expression
Twenty-four hours before transfection BHK-21, RK-13 or CHO cells were seeded in 24-well or 6-well plates. BHK-21 and RK13 cells were transfected with expression plasmids using Lipofectamine 2000 (Invitrogen) according to the manufacturer's recommendations. CHO cells were transfected using ExGen 500 (Biomol) according to the manufacturer's recommendations.
Immunofluorescence and colocalization analysis Selective permeabliziation was essentially as described by Tews and Meyers, and Cocqueral et al. [24, 27] . Twentyfour hours after transfection or infection cells were fixed with 4 % paraformaldehyde in PBS either left untreated (non-permeabilized) or permeabilized in 0.05 % Triton X-100 (all membranes) in PBS or in 5 µg ml À1 digitonin (only plasma membrane) in 20 mM HEPES (pH 6.9), 0.3M sucrose, 0.1M KCl, 2.5 mM MgCl 2 , 1 mM EDTA. Both primary and secondary antibodies were diluted in PBS 10 % FCS (E2: BVDV-Mix, f48 for colocalization with ERGIC; CD72: a-CD72 [3F3]; NS3: Code4 and compartment marker antibodies), isotype specific secondary antibodies were used in double labelling strategies using to different mouse mAb, coverslips were mounted in mowiol medium with DAPI, and cells visualized either on an Axiovert 200M with ApoTome equipment (Â63 objective; numerical aperture 1.4) (Zeiss) or on a Leica SP5 confocal laser scan microscope (Â63 objective; numerical aperture 1.4, pinhole: 1 airy unit) with sequential acquisition on the fluorophores in multi-labelled samples. Colocalization (Triton X-100-permeabilized cells only) was determined by Pearson's coefficient using Zeiss Axiovison software. All analyses were done at least in triplicate and representative images with their corresponding Pearson coefficients are shown.
Flow cytometry
Cells were transfected in 24 wells in duplicate. After 24 h cells were washed with PBS 10 % FCS and one well per sample was permeabilized with 0.5 % saponin, 1 % FCS in PBS for 5 min at 4 C. Antibodies were diluted in PBS 10 % FCS (CD72:a-CD72 [3F3], E2: mAb D5, 1b8), cells were detached with trypsin and fixed with 4 % paraformaldehyde in PBS. Non-permeabilized cells were stained with propidium iodid to exclude debris. Samples were analysed with MACSQuant Analyzer (Miltenyi Biotec GmbH). Surface presence was calculated as follows: percent FITC-positive, PI-negative non-permeabilized cell/percent FITC-positive permeabilized cells*100. Usually experiments were repeated at least four times. The data were analysed using One-way ANOVA and Dunnett's post hoc test. Samples were considered to be significantly different to WT with a P<0.05.
Cell surface biotinylation, immunoprecipitation and Western blot
Cell surface biotinylation and immunoprecipitation was essentially done as described by Rocha-Perugini et al. and Montpellier et al. [65, 66] . Briefly, 24 h after transfection CHO cells in 6-well dishes were biotinylated with EZ-Link Sulfo-NHS-Biotin (Thermoscientific). Biotinylation was stopped by three washes with ice cold 0.6 % BSA in PBS. Cells were lysed in 1 % Triton X-100, 2 mM EDTA in PBS, cell debris removed by centrifugation (2 min, 9400 g). Supernatants were precleared by incubation with protein A-sepharose. Primary antibody (E2: BVDV-Mix; CD72: a-CD72 [3F3]), rabbit a-mouse (Dianova) were bound to protein A-sepharose in lysis buffer. Protein A-sepharoseantibody-complex and precleared lysates were incubated overnight at 4 C. Proteins were eluted with reducing SDS sample buffer containing 5 % b-mercaptoethanol, resolved in duplicate by SDS-PAGE, transferred to nitrocellulose membrane (GE Healthcare) and detected using either avidin-HRPO (Invitrogen) or specific primary (CD72: a-CD72
[H96], E2: [WB214]) and secondary antibodies.
Virus rescue
RNA was generated by in vitro transcription using RiboMax-T7 large scale RNA production system (Promega). All plasmids were linearized beforehand using SmaI. MDBK cells were freshly seeded into a 10.0 cm diameter dish and left to grow over-night to 100 % confluence. On the day of electroporation, cells were harvested using trypsin, washed once with PBS, counted and 10 5 cells per electroporation were resuspended in buffer R (Invitrogen) for the Neon electroporator (Invitrogen). The cell suspension was mixed with the appropriate RNA and electroporated with a single 1700 V pulse. Cells were resuspended in 5 ml medium, 50 µl transferred to a 96-well plate for immunofluorescence staining after 48 h and the remaining cells seeded in 24-well plates for cultivation. Infectious virus was harvested after three freeze-thaw cycles.
Infection and growth kinetics
Infection was done essentially as described before [24] . Briefly subconfluent MDBK cells were washed and incubated with virus 1 h in the absence of serum, before the addition of medium with serum. For growth kinetics 5Â10 5 cells were infected at an MOI of 0.1 in suspension for 1 h in the absence of serum. Afterwards cells were pelleted resuspended in medium with 10 % FCS and seeded in five separate dishes. After 8, 24, 48, 56 and 72 h a dish of each virus (mutant) infection was frozen at À70 C. Titration was done after three freeze-thaw cycles. Titres were determined as TCID 50 ml À1 on MDBK cells using mAb Code4.
